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Classical molecular dynamics simulations of the bombardment of a graphene sheet by 
a beam of carbon atoms are carried out. Covalent bonds in the irradiated sample are 
described by the Brenner potential. The approximation of elastic balls interacting with 
graphene via the Lennard-Jones potential is used for particles in a beam. The 
influence of the energy and density of irradiating carbon atoms and of the presence 
of a thermostat on physical processes occurring during the collisions with the sample 
is investigated. Energy values of the particles in a beam, which are enough for the 
sample destruction, are defined. 
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1. INTRODUCTION 
 
Recent discovery of graphene was and still is of a great interest, which is 
mainly focused on the peculiar electronic properties of this material, where 
charge carriers bear a resemblance to the massless relativistic particles [1-4]. 
However, the structure of graphene, which is a single layer of carbon atoms 
densely packed into the hexagonal crystal lattice, has not been completely 
understood yet. On the one hand, graphene is found to be a strictly two-
dimensional material, exhibiting such a high quality of crystal structure 
that electrons can travel submicron distances without scattering at the room 
temperature. On the other hand, it was shown theoretically that perfect two-
dimensional crystals cannot exist in the free state, and this has been 
confirmed experi-mentally for a long time [5-7]. 
 Experiments with the scanning transmission electron microscope (STEM) 
reveal the existence of isolated point defects in graphene, in particular, the 
vacancies [8]. Their presence is connected with the crystal structure damage 
due to irradiation or ion bombardment and because of the interaction with 
the STEM electron beam as well. Thorough understanding of formation 
conditions of the graphene defect structure has a big importance for const-
ruction of electronic devices on its basis because the crystal lattice quality 
essentially influences on the electronic properties of this material. 
 Study of the defect formation in graphene and its damage under different-
particle bombardment can be the first step to understanding the process of 
graphite destruction by the plasma flow, which is of interest during the 
nuclear fusion investigation [9, 10]. In experimental facilities and thermo-
nuclear reactors the destruction of graphite divertor occurs under plasma 
flow action. Within the framework of this task a number of computer 
experiments using classical molecular dynamics (MD) was carried out. 
 
 
 
 NUMERICAL INVESTIGATION OF THE BOMBARDMENT OF A … 67 
 
 
Processes of the graphene sheet bombardment by single atoms of hydrogen 
isotopes [9] and the graphite sample irradiation by these particles [10] have 
been studied. In the models the new version of the Brenner potential was 
used and the microcanonical statistical ensemble was considered. The main 
result of the cited publications consists in determination of particle energies 
and masses, at which the particle reflection, absorption or penetration into 
graphene sheet and the graphite sample destruction occur. But we should 
note, that the deficiencies of numerical experiments in [9, 10] are the 
following. First, only the short-range Brenner potential was used for the 
interactions between irradiating particles and carbon atoms. Second, the 
single atoms, but not a particle beam, were employed for irradiation that is 
hardly probable in the experiments. In addition, limitation of the models 
appears in the absence of energy emission from the system, which always 
takes place in practice. 
 The necessity of studying more realistic models, where the disadvantages 
indicated above are removed, is evident and that is the reason for computer 
experiments described in the present work. The MD simulations, in which 
the interaction of a graphene sheet with a flow of carbon atoms is 
considered, are carried out. Investigation of the influence of energy and 
particle density in a beam, and of graphene cooling as well on the physical 
processes during irradiation of the sample is the main aim of the paper. 
Detailed description of the simulation conditions is given in the next section. 
 
2. THE MODEL 
 
A graphene sheet consists of 24 u 24 honeycombs translated periodically 
along the x- and y-axes (Fig. 1). Periodical boundary conditions are applied 
to the sample in the xy-plane.  Carbon  layer  contains  3456  atoms  and  its  
sizes along the x- and y-axes are 10,082 nm and 8,731 nm, respectively. 
 A beam of carbon atoms is modeled by a set of elastic balls, which form 
the truncated pyramidal structure and at the start time are placed in the 
corners of a cubic lattice located over the center of symmetry of the sample. 
To study the influence of the density of irradiating particles on a system 
behavior we used the following three values of the cubic lattice constant: 
a   0,3165 nm, 0,2374 nm, and 0,1582 nm. A beam consists of five layers of 
square section lying in the xy-plane. There are 169 atoms in the lower layer 
(the nearest to the irradiated sample), and each overlying layer is one line of 
particles more along the x- and y-axes, thus there are 1135 atoms in a beam, 
and the total number of particles involved in the simulation is 4591. 
 The form of the interaction potential between particles [12-15] plays a 
key role for realistic simulation by the MD method. In the present work the 
covalent bonds in a graphene sheet are described by the potential developed 
by Brenner for simulation of hydrocarbons. It is of the form of a sum over 
all the bonds [16-18]: 
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Functions VR(rij) and VA(rij) are the pairwise additive interactions, which 
represent all interatomic repulsions (between ion cores, etc.) and attractions 
between valence electrons, respectively; rij is the distance between pairs  
of the nearest neighbor atoms i and j; ijB  is the term of the bond order 
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representing the bond type between the i-th and the j-th  atoms  and  
containing the many-particle effects, which are necessary for the correct 
description of bonding in hydrocarbonates. 
 
 
 
Fig. 1 – Initial system configurations for a   0,3165 nm. Cyanic and red small balls 
represent the carbon atoms in a sheet and in a beam, respectively. All instantaneous 
pictures of the system are produced with the Visual Molecular Dynamics (VMD) 
program [11] 
 
 In the present paper expressions from the reactive empirical form of 
potential, which takes into account the bond order (REBO) [17], are used for 
functions VR(rij) and VA(rij). They give improved values for elastic properties 
of diamond and graphite and more realistically simulate the short-range 
repulsions in comparison with an old version of  the potential  [17,  19].  For 
simplicity the term of the bond order ijB  is chosen from the first version of 
the Brenner potential with parameters for the potential II in [16]. In the 
present work all splines were calculated with the code from TREMOLO [18], 
and forces were determined by the algorithm based on the linked cell list 
[14,  15,  18].  TREMOLO  is  the  program  tool  with  an  open  source  code  
implemented in C++ in the Bohn University for simulation by the MD method. 
 Atoms in a beam do not interact with each other. Interaction of the beam 
particles with the sheet atoms are described by the Lennard-Jones potential: 
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where V   0,167 nm; H   0,5 meV; the cut-off radius is rc   0,9018 nm. The 
mass of carbon atoms equals 19,944110–27 kg. 
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 Classical equations of motion are integrated using the Verlet method 
[14, 15] with the time step 0,1 fsec. Most of computer experiments were 
carried out within the microcanonical statistical ensemble, i.e., the total 
system energy Etot, the number of particles N, and the volume V were fixed. 
To study the influence of heat dissipation on system behavior the conditions 
approximate to the canonical ensemble were considered as well, by a heat 
abstraction with the Berendsen thermostat [12, 15] coupled with the layer 
atoms. For its realization the technique described in [15] was used, where 
the atom velocities every 10 steps were multiplied by the value 
 
 
1/2
1 1
( )
DT
T tJ
E J§ ·ª º  ¨ ¸« »¬ ¼© ¹
, (3) 
 
where T(t) and TD are the current and the necessary temperatures, 
respectively; J  [0;1] is the friction coefficient defining the coupling force 
between the thermostat and the system. The closer J to 1, the stronger heat 
abstraction from the system. In the present paper we used J   0,4 corres-
ponding to the rather strong coupling of the graphene atoms with the 
thermostat. Since the thermostat is connected with the sample only and  
the energy emission of beam atoms is not taken into account, strictly 
speaking the simulation conditions concerned are not the canonical ones in 
the presence of the thermostat. However, in the sequel we will use the 
expression “canonical ensemble” for brevity, keeping in mind the true 
simulation conditions. 
 The process of irradiation was proceeding as follows. During the first 
1000 time steps (or 0,1 picoseconds) the system was equilibrated at the 
temperature 298 K, and in this case the vertical distance between the lower 
layer  in  a  beam  and  a  graphene  sheet  was  1,9895  nm,  1,9374  nm,  and  
1,9026 nm for a   0,3165 nm, 0,2374 nm and 0,1582 nm, respectively. Then 
the impulse p, which is determined by the kinetic energy E: 
 
 2p mE  (4) 
 
(m is  the  mass  of  carbon  atom),  was  imparted  to  the  beam particles  along  
the negative z direction. Particles started moving toward the sample with 
the constant speed. We investigated the following values of the kinetic 
energy of atoms in a beam: 50, 100, 250, 500, and 1000 meV for conditions 
of the microcanonical ensemble, and 500 and 1000 meV in the presence of 
the thermostat for all values of the beam density. For the maximal value of 
kinetic energy (1000 meV) the particle velocity was about 4000 m/sec that 
allowed to use classical mechanics without relativistic corrections. The total 
simulation duration varied from 1 picosecond to 3,2 picoseconds depending 
on the energy of irradiating carbon atoms. 
 In numerical simulations we measured the system potential energy, the 
mechanical stresses arising in a graphene sheet, its deformation along the z-
axis, and the atom coordinates were saved every 50 time steps that allowed 
to visualize the system behavior with the VMD program [11]. System 
potential energy Epot was  taken  equal  to  the  sum  of  potential  energies  of  
each particle, which contain both the binding energy of carbon atoms in 
graphene and their interaction energy with the beam particles. 
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 Mechanical stresses in the carbon layer were calculated with the following 
expression for the stress tensor [18]: 
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where D and E denote direction in the Cartesian coordinate system (x, y, or 
z); kiu  is the velocity of the i-th atom along the k-th direction; V is the 
volume of  a  graphene sheet  (this  is  the product  of  the sample  area by the 
length of atomic bonding in graphene, which is equal to 0,142 nm); mi is the 
mass of carbon atom; N is the number of carbon atoms; DijF  and 
E
ijr  are the 
components of the force and the radius-vector between the i-th and the j-th 
atoms, respectively. In the present paper we calculated only the component 
Vzz of the stress tensor along the direction of a beam motion, i.e., D, E   z. 
 Straining of the sample is non-uniform during the interaction with the 
beam, and the spatial distribution of deformation over the sheet should be 
determined in order to characterize changes its shape. But for simplicity we 
measure the change of the carbon layer size along the z-axis  only,  and for  
its quantitative characteristic the maximal distance between carbon atoms 
along this direction is calculated. We consider only the absolute value of 
this quantity, and henceforth we will term it the deformation for brevity 
and denote as 'z. 
 
3. RESULTS AND DISCUSSION 
 
3.1 Microcanonical ensemble 
 
In Fig. 2 we represent the time dependences of the stresses in a sheet and its 
deformation for the constant N, V, and Etot and a   0,3165 nm. 
 
 
 
Fig. 2 – Time dependences of the stresses (a) and the deformation (b) of a graphene 
sheet for a   0,3165 nm 
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 Dependences obtained can be divided into two groups: in the first one the 
sample is not destroyed (beam energy is less than 0,5 eV), for the second 
group the energy of  irradiating particles  is  enough for  bond breaking in a  
sheet and, correspondingly, for its destruction. Let us consider in details the 
cases E   0,1 and 0,5 eV as two possible scenarios of the system behavior. 
 At E   0,1 eV particles reach the sample approximately after 15000 time 
steps that is manifested in the increase of the deformation (which is the 
absolute value of the maximal distance between atoms in a sheet along the z-
axis) and stress (see point A in Fig. 3, 4). The largest “strain” of a graphene 
layer occurs at point B, and in this case a sheet starts moving as a whole in 
a downward direction, since it is not fixed in a space and the sheet bending 
changes  the  direction  (atoms  in  a  center  start  moving  in  an  upward  
direction), that is exhibited in further decrease of deformation to point C. 
Non-linear relation between Vzz and 'z can be explained by the following: 
the value of total stresses is determined not so much by the atom deviation 
along the vertical axis as by a number of atoms, which are reached by the 
excitation of beam particles. The stress maximum at point C corresponds to 
the moment when the majority of atoms have “sensed” the beam action. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 – Time dependences of the system potential energy (per one atom), deformation 
and stresses for E   0,1 eV and a   0,3165 nm 
time steps 
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n
m
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Fig. 4 – Instantaneous pictures of the system corresponding to the marked in Fig. 3 
points 
 
 It is seen from Fig. 3, 4 that the particle energy E   0,1 eV is not enough 
for bond breaking in the sample, and elastic scattering of particles occurs. 
And all the atoms are reflected and none of them penetrates through a sheet. 
 For E   0,5 eV particles collide with the sheet after 7000 steps (point A 
in Fig. 5, 6). It is seen, that the stresses rather quickly, in fact, linearly, 
increase with the deformation growth reaching the maximum at point B. 
The stress falling in the section BC is explained by the stress redistribution 
all over a sheet. Note, that in contrast to the previous case the steady 
deformation increase is observed here, that points at the sample depression 
by a beam in one direction (downward). After reaching the stress minimum 
at point C the sheet starts moving as a whole in a downward direction, and 
stresses grow achieving the value, which is enough for bond breaking. The 
sample destruction occurs, which is exhibited in the jumps of stresses and in 
the sharp increase of 'z and Epot as well. The difference from the previous 
case is evident, where the absence of sufficient changes in the potential 
energy was observed (see Fig. 3), and the particle penetration through the 
sheet before its destruction also takes place, as seen from Fig. 6. 
 Diagrams for other values of the potential energy of a beam (represented 
in Fig. 2) can be explained in the same way. 
 Note, that unambiguous comparison of results obtained both in the 
present work and in [9, 10] is impossible. This is connected with the 
following: in [9, 10] the chemical reactions and absorption of hydrogen 
isotopes by the sample are possible due to using the Brenner potential for 
irradiating particles. This occurs in the particle energy range 0,5-15 eV [9]. 
For energies more than 15 eV particles penetrate through a graphene sheet 
not being absorbed and not destroying the sample [9]. Lower energies of 
irradiating particles enough for graphene destruction obtained within this 
work, can be explained by the expression from the first version of the 
Brenner potential for the term of the bond order ijB  in (1) that could lead to 
the weaker covalent bonds in a sample. 
 Time dependences of the stresses Vzz and the deformation 'z for 
a   0,2374 nm have the same behavior, and, therefore, the same explanation 
as for a   0,3165 nm (Fig. 7). We only note that the large beam density 
promotes the greater maximal tension of a sheet, that is seen from the 
figures for deformation. 
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Fig. 5 – Time dependences of the system potential energy (per one atom), deformation 
and stresses for E   0,5 eV and a   0,3165 nm 
 
 
 
 
Fig. 6 – Instantaneous pictures of the system corresponding to the marked in Fig. 5 
points 
 
 Atomic configurations of the system for a   0,2374 nm and E   0,5 eV in 
different time moments are given in Fig. 8. It is seen, that the particle 
penetration through the sample before its destruction takes place, as in the 
previous case. We also have to note, that the large beam density leads to 
more intensive destruction, that is exhibited in pronounced jumps of 
stresses on the corresponding dependence (Fig. 7a) as well. 
n
m
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Fig. 7 – Time dependences of the stresses (a) and the deformation (b) of a graphene 
sheet for a   0,2374 nm in conditions of the microcanonical ensemble 
 
 
 
 
 
Fig. 8 – Instantaneous pictures of the system for E   0,5 eV and a   0,2374 nm:  
A – 6750, B – 12250, C – 14450 time steps 
 
 Time dependences of the stresses Vzz and the deformation 'z for 
a   0,1582 nm (Fig. 9) are the same as for two previous cases. The greater 
jumps of stresses are observed, which indicate more intensive destruction 
that can be seen in Fig. 10 as well. 
 
3.2 Canonical ensemble 
 
Up to now we have considered conditions of the microcanonical statistical 
ensemble, i.e., the total system energy Etot, the volume V, and the number 
of particles N were  fixed.  But  practically  the  system  is  always  open  and  
there is a heat abstraction from it. In our case cooling is intensified by the 
small sample thickness [20]. To take into account the mentioned factors we 
have carried out some computer experiments, in which the sheet cooling was 
provided by the Berendsen thermostat [15]. 
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Fig. 9 – Time dependences of the stresses (a) and the deformation (b) of a graphene 
sheet for a   0,1582 nm 
 
 
 
 
 
Fig. 10 – Instantaneous pictures of the system for E   0,5 eV and a   0,1582 nm:  
A – 6750, B – 12250, C – 14450 time steps 
 
 Time dependences of the stresses Vzz and the deformation 'z at 
E   0,5 eV (for E   1  eV we have obtained the same results,  which are  not  
shown here) represented in Fig.11 have the qualitatively similar behavior 
for all three values of the particle density in a beam. 
 Presence of the thermostat leads to the situation that now for energy, at 
which the sample destruction occurred in conditions of microcanonical 
ensemble, the particle elastic scattering takes place that can be also seen 
from Fig. 12, where the instantaneous pictures of the system for 
a   0,3165 nm are represented. The absence of sample destruction is 
confirmed by the curve shape, which has two maximums for the stresses, 
and one maximum for the deformation, that is similar to the case of small 
particle energies considered in the previous subsection. Therefore the 
explanation of system behavior is also the same as considered in 3.1. 
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Fig. 11 – Time dependences of the stresses (a) and the deformation (b) of a 
graphene sheet at E   0,5 eV for different beam densities in conditions of the 
microcanonical  ensemble 
 
 
 
 
 
Fig. 12 –  Instantaneous  pictures  of  the  system  corresponding  to  the  marked  in  
Fig. 11a  points 
 
 Let us briefly analyze the system behavior for different particle densities 
in a beam. Increase of the particle density (or decrease of a)  leads  to  the  
narrowing of the first stress maximum, decrease of its height, and 
deepening of the next minimum. For lesser a the higher second stress 
maximum is observed that indicates the stress increase with the growth of 
the particle density. In this case the larger “punching” of a sample takes 
place that is exhibited in increase of the maximal deformation with the a 
decrease (see Fig. 11b). 
 Thus, the connection of a graphene sheet with the thermostat promotes 
the sample ability to endure higher beam energies not being failed. In other 
words,  heat  abstraction  shifts  the  energy  value,  at  which  the  sample  
destruction occurs, toward the higher values. 
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4. CONCLUSIONS 
 
Classical MD simulations of the bombardment of a graphene sheet by a beam 
of carbon atoms are carried out. The main results are the following: 
 – in conditions of the microcanonical ensemble there is a value of particle 
energy (it is approximately equal to 0,5 eV), which overriding leads to the 
sample destruction, that is exhibited in jumps of stresses and in abrupt 
increase of the deformation and the system potential energy. More intensive 
destruction is observed for lesser a; 
 – time dependences of the stresses and the deformation in NVE 
conditions at low energies have qualitatively equal behavior for all beam 
densities. Quantitatively larger densities condition the larger sample 
deformation; 
 – heat abstraction from the system induces the shift of the beam energy 
(at which the sample destruction occurs) toward the higher values; 
 – beam density in the presence of the thermostat does not qualitatively 
influence on the shape of time dependences of the stresses and the 
deformation. Increase of the beam density causes the growth of the maximal 
stress value in a sheet. In this case the larger “punching” of the sample 
takes place that is exhibited in increase of the maximal deformation. 
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